Background-Embryonic stem (ES) cells are distinguished by their capacity for self-renewal and pluripotency. Here we characterize the differentiation of ES cell-derived endothelial cells (ESC-ECs), use molecular imaging techniques to examine their survival in vivo, and determine the therapeutic efficacy of ESC-ECs for restoration of cardiac function after ischemic injury.
C oronary artery disease (CAD) is the leading cause of morbidity and mortality in the US. Current treatments fail to address the underlying cause of heart failure, which are cell loss and tissue scarring. 1 Stem cell therapy might ameliorate heart failure by promoting neovascularization, inhibiting cardiomyocyte apoptosis, and recruiting resident stem cells. 2 Several elegant studies demonstrate that endothelial progenitor cells harvested from the bone marrow 3, 4 or circulating peripheral blood 5, 6 can contribute to angiogenesis and functional regeneration of ischemic or infarcted myocardium. These exciting results have led to a pilot clinical trial showing that injection of circulating endothelial progenitor cells can improve left ventricular ejection function (LVEF) in patients. 7 In the TOPCARE-AMI trial, patients who received circulating endothelial progenitor cells after myocardial infarction manifested an improvement in LVEF from 51Ϯ10% to 59Ϯ10% at 4 months (PϽ0.001). 7 However, a recent larger study from the same group showed that patients who received circulating endothelial progenitor cells had no improvement in LVEF at 3 months (Ϫ0.4Ϯ2.2; Pϭ0.60). 8 Although the study design and patient population are different between the 2 trials (which may partially explain the inconsistent results), the discrepancy suggests that a detailed mechanistic understanding of how these transplanted cells can engraft and improve cardiac function is still lacking. In addition, patients who have CAD as well as other comorbidities such as diabetes, hypertension, and hypercholesterolemia may have endothelial progenitor cells with impaired function and regenerative capacity. 9, 10 For this reason, the beneficial results observed in preclinical studies using progenitor cells from young healthy adult animals may not be achievable in patients with comorbid conditions. 6, 9, 10 Therefore, evaluation of another source of cell therapy may be warranted.
With their unlimited self-renewal and pluripotency capacity, embryonic stem (ES) cells represent a new and exciting avenue of stem cell therapy. In cell culture, mouse and human ES cells can differentiate to endothelial cells through successive maturation steps as manifested by endothelial-specific markers such as fetal liver kinase 1 (Flk-1), platelet endothelial cell adhesion molecule (PECAM), VE-cadherin, von Willebrand Factor (vWF), and endothelial nitric oxide synthase (eNOS). 11, 12 In addition, these cells can participate in vasculogenesis by matrigel assay 13 and incorporate DiI-ac-LDL, 14 2 hallmarks of mature endothelial cell function. However, no study has addressed the behavior of these cells after transplantation into the heart. In this study, we hypothesize that ES cell-derived endothelial cells (ESC-ECs) can be a viable source of stem cell therapy for improving cardiac function after myocardial infarction. Importantly, fate of transplanted ES cells and their ESC-EC derivatives can also be tracked longitudinally and quantitatively using molecular imaging techniques.
Methods

Culture and Maintenance of Mouse ES Cells
The murine ES-D3 cell line (CRL-1394) derived from SV129 mice was obtained from the American Type Culture Collection (ATCC; Manassas, VA). The ES cells were electroporated with linearized pVEcadherin-eGFP-IE plasmid carrying pVEcadherin-eGFP-5ЈInt1 enhancer (gift from S. Nishikawa, Kyoto University, Japan) with neomycin resistant gene for selection of stable clones. 15
Differentiation and Isolation of ESC-ECs
ES cell differentiation was performed with minor modifications from previous protocols. 11, 12 Briefly, 3ϫ10 4 cells per well were transferred to collagen IV-coated 6-well plates (Becton-Dickinson), cultured for 4 days, and sorted for Flk-1 (early EC marker). Flk-1 ϩ cells were replated with the same medium supplemented with 50 ng/mL of VEGF (R&D Systems). After another 4 days of culturing, Flk-1 ϩ cells were stained with VE-cadherin antibody (BD Pharmingen). Next, VE-cadherin (late EC marker) and eGFP double positive cells were isolated using FACScan (Becton Dickinson). The cells were maintained on EGM-2 medium (Clonetics) for 1 to 2 passages on fibronectin-coated plates (Invitrogen) for subsequent experiments. Control untransfected ES cells were differentiated under same conditions.
In Vitro Characterization of ESC-ECs
Antibody staining, DiI-Ac-LDL uptake assay, matrigel assay, and RT-PCR were used to confirm endothelial cell phenotype of these Flk-1 ϩ /VE-cadherin ϩ purified cells. Antibodies used in this study were phycoerythrin (PE)-, Alex-594 -, or allophycocyanin (APC)conjugated anti-CD31, anti-Flk-1, anti-CD34, and APC-conjugated anti-rat IgG2a, rat anti-mouse VE-cadherin (BD Pharmingen). The stained cells were analyzed using FACS Vantage (Becton-Dickinson). Dead cells stained by propidium-iodide were excluded from the analysis. Isotype-identical antibodies served as controls (BD Pharmingen). Approximately 5ϫ10 5 ESCs and 2ϫ10 5 ESC-ECs were used to run the FACS. Cell sorting was performed as described. 16 For uptake assay, ESC-ECs were incubated with 10 g/mL of DiI-Ac-LDL (Molecular Probes) at 37°C for 6 hours before detection with fluorescence microscopy as described. 14 The formation of endothelial tubes was assessed by seeding cells in 6-well plates coated with Matrigel (BD Pharmingen) and incubating them at 37°for 24 hours as described. 12 For RT-PCR analysis, total RNA was isolated using Trizol (Invitrogen) from undifferentiated ES cells at day 0, differentiated ES cells at day 4 (after Flk ϩ sort), differentiated ES cells at day 8 (after VE-cadherin ϩ /eGFP ϩ double sort), and adult mouse microvascular endothelial cells (obtained from lung lavage) as positive control. Primer sequences for these specific genes (CD31, Flk-1, eNOS, vWF, Oct-4, ␤-actin) are listed in supplemental 
Transduction of ES Cells With Novel Double Fusion Reporter Gene
To track transplanted cells in vivo, ES cells were also transduced at multiplicity of infection (MOI) of 10 with self-inactivating lentiviral vector carrying an ubiquitin promoter driving Fluc and mRFP. Stable clones were isolated using FACS for mRFP expression. Afterward, Fluc activity within different cell numbers (4ϫ10 4 to 1ϫ10 6 ) was confirmed ex vivo using Xenogen IVIS 200 system (Xenogen) and in vitro using enzyme assay as described. 17 In vitro Fluc enzyme activity was expressed as relative light unit per microgram protein (RLU/g). Next, several assays were performed to assess the effects of double fusion (DF) reporter gene on ES cell differentiation, proliferation, and viability. Control nontransduced ES cells and ES cells with DF (ESC-DF) were stained for alkaline phosphatase (marker for undifferentiated cells) using BCIP (5-bromo-4-chloro-3Ј-indolyphosphate p-toluidine salt)/NBT (nitro-blue tetrazolium chloride) dyes (Sigma). Images were obtained with a Zeiss Axiovert microscopy (Sutter Instrument Co). RT-PCR was performed comparing expression of Oct-4 (stem cell marker), Fluc (reporter gene), and ␤-actin (housekeeping gene) in control ES cells and ESC-DF. Cell proliferation was measured by counting cells at days 0, 1, 2, and
Optical Bioluminescence Imaging of Transplanted Cell Survival
Cardiac bioluminescence imaging was performed using the Xenogen IVIS 200 system. After intraperitoneal injection of reporter probe D-Luciferin (150 mg luciferin/kg), animals were imaged for 1 to 10 minutes. The same mice were scanned for 4 to 8 weeks. Imaging signals were quantified in units of maximum photons per second per centimeter square per steridian (photons/sec/cm 2 /sr) as described. 17
Left Ventricular Functional Analysis With Echocardiogram
Echocardiography was performed using the Siemens-Acuson Sequioa C512 system equipped with a multi-frequency (8 to 14 MHz) 15L8 transducer by an investigator (F.C.) blinded to group designation. Analysis of M-mode images was performed using Siemens built-in software. Left ventricular end diastolic diameter (EDD) and end-systolic diameter (ESD) were measured and used to calculate fractional shortening (FS) by the following formula:
Histological Examination
Explanted hearts from study and control groups were embedded into OCT compound (Miles Scientific). Frozen sections (5 m thick) were processed for immunostaining. To detect microvascular density (MVD) in the peri-infarct area, a rat anti-CD31 (BD Pharmingen) was used. The number of capillary vessels was counted by a blinded investigator (X.X.) in 10 randomly selected areas using a light microscope (ϫ200 magnification). Additional samples were used to examine whether transplanted ESC-EC differentiated into functional vascular and other cell lineages processed for hematoxylin and eosin (H&E) and fluorescence staining. To trace the ESC-EC in the ischemia heart, the slices were double stained with anti-RFP antibody (Chemicon International), anti-CD31 antibody, and DAPI (4, 6-diamidino-2-phenylindole) nuclear counterstain. For undifferentiated ES cell transplantation group, teratoma formation at 4 weeks was also evaluated by H&E and immunofluorescence staining.
Statistical Analysis
ANOVA and repeated measures ANOVA with post-hoc testing as well as the 2-tailed Student t test were used. Differences were considered significant at probability values of Ͻ0.05. Unless specified, data are expressed as meanϮSD.
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Results
Differentiation of Embryonic Stem Cells to Endothelial Cells
In mouse ES cells, there is a distinct expression pattern of endothelial specific genes: Flk-1 starting at day 2 to 3, PECAM at day 4, and VE-cadherin at day 5. 12, 19 To develop a reliable system of purifying mature ECs from ES cells, we used the VE-cadherin promoter driving eGFP construct for selection marker as shown in Figure 1a . 15 After 4 days of culturing on collagen IV-coated plates and in differentiation medium, Ϸ20% of ES cells express early EC marker (Flk-1) but not late EC marker (VE-cadherin). The outgrowth from Flk-1 ϩ cells exhibit predominantly 2 morphologies: cobblestone-like endothelial colony and striated smooth muscle-like cells (Figure 1b ). The Flk-1 ϩ -positive cells were subcultured with VEGF supplementation for another 4 days. Afterward, Ϸ36% cells were isolated by FACS using both VE-cadherin surface antibody as well as intracellular eGFP expression driven by the VE-cadherin promoter. After expansion in cell culture, these VE-cadherin ϩ /eGFP ϩ cells have morphology typical of mature endothelial cells (Figure 1c ).
In Vitro Characterization of ESC-ECs
To further characterize these differentiated cells, flow cytometry was performed using antibodies directed against endothelial markers such as VE-cadherin, Flk-1, CD31, and CD34 (Figure 2a ). Isolated cells at day 8 typically express robust levels of VE-cadherin and modest levels of Flk-1, CD31, and CD34. By contrast, undifferentiated ES cells typically express low levels of VE-cadherin, Flk-1, and CD34 but high levels of CD31. Uptake of DiI-ac-LDL has been used to characterize mature endothelial cells. 14 As shown in Figure  2b , these VE-cadherin ϩ /eGFP ϩ cells avidly incorporate DiIac-LDL. The characteristics of ESC-ECs were also assessed by culturing on matrigel, an extracellular matrix basement membrane that can be used to promote vascular morphogenesis of endothelial cells. 13 In contrast to undifferentiated ES cells, ESC-ECs were able to form cord-like structures ( Figure  2c ). To understand the temporal kinetics of endothelial marker expression in these cells, we performed RT-PCR analysis of common endothelial markers. As shown in Figure  2d , the levels of Flk-1, eNOS, and vWF increased during ES cell differentiation from day 0 to day 4 (Flk-1 ϩ sort) to day 8 (VE-cadherin ϩ /eGFP ϩ double sort). The ES cell marker Oct-4 was expressed in high levels at day 0, but progressively decreased on ES cell differentiation into ESC-ECs at days 4 and 8. Adult mouse microvascular endothelial cells showed robust endothelial marker expression but no Oct-4 expression as expected. Finally, for both FACS and RT-PCR analysis, the CD31 expression was present in both undifferentiated mouse ES cells and their differentiated derivatives, a pattern that has been described by others. 19 Thus, CD31 alone cannot be used as a marker for distinguishing mouse ES cells from ECs. 
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Expression of DF Reporter Genes
To develop an imaging assay for tracking transplanted ESC-ECs, we used a DF reporter gene consisting of Fluc-mRFP ( Figure 3a) . The efficiency of self-inactivating lentiviral transduction of mouse ES cells was Ϸ21% (Figure 3b ). On culturing onto 6-well plates, we observed a strong correlation (r 2 ϭ0.98) between Fluc activity and cell numbers ex vivo using the Xenogen IVIS system. Similarly, there was a strong correlation (r 2 ϭ0.94) between Fluc activity and cell numbers in vitro using luminometer enzyme assays (Figure 3c ). Both control nontransduced ES cells and ESC-DF showed similar expression pattern of stem cell markers ALP and Oct4 on immunostaining and RT-PCR, respectively (Figure 3d and 3e). The cell proliferation and cell viability data are also similar between control ES cells and ESC-DF (Figure 3f ). Finally, ESC-DF retained their ability to differentiate and express endothelial markers such as Flk-1 ϩ (on day 4) and VE-cadherin ϩ /eGFP ϩ (on day 8; data not shown). Taken together, these results are consistent with our previous studies showing minimal effects of reporter genes on ES cell survival, proliferation, and differentiation. 17, 20, 21 
Molecular Imaging of ESC-EC Survival in Living Animals
To noninvasively assess the engraftment of ESC-ECs, bioluminescence imaging was performed longitudinally for 8 weeks ( Figure  4a ). Cell signal was most robust immediately after transplantation, which gradually decreased from day 2 (2.95ϫ10 6 Ϯ1.21ϫ10 5 photons/sec/cm 2 /sr) to day 7 (3.56ϫ10 5 Ϯ2. (1.45ϫ10 5 Ϯ4.94ϫ10 4 ) to week 4 (3.87ϫ10 4 Ϯ4.50ϫ10 2 ) to week 6 (3.68ϫ10 4 Ϯ3.65ϫ10 2 ) and to week 8 (3.60ϫ10 4 Ϯ2.57ϫ10 3 ; Pϭ0.001 versus control for all time points; Figure 4b ). Control animals injected with PBS showed no imaging signals as expected. When cell signals were normalized to day 2, the quantified cell survival activity was 12.2Ϯ0.8% at day 7, 5.1Ϯ1.6% at week 2, 1.3Ϯ0.1% at week 4, 1.2Ϯ0.1% at week 6, and 1.1Ϯ0.1% at week 8 (Figure 4c ). Transplanted ESC-ECs can improve left ventricular function: echocardiography performed 2 days before and 2 days after the LAD ligation showed comparable FS and LVEF between the control PBS group and ESC-EC group. However, 8 weeks after LAD ligation, the ESC-EC group had significantly higher FS (Pϭ0.03) and LVEF (Pϭ0.04) compared with the control group (supplemental Table I ). At week 2, immunohistochemistry showed presence of ESC-ECs at the peri-infarct regions. These cells can be identified by double-staining for CD31 (endothelial marker) and mRFP (DF reporter gene) as shown in Figure 5a . However, relatively few surviving ESC-ECs surrounding the existing vasculature in the myocardium were identified by week 8, consistent with in vivo imaging data showing weak cell signal activity at later time points. Despite the poor cell survival, myocardial neovascularization as assessed by capillary density was enhanced in mice receiving ESC-EC transplantation compared with mice receiving PBS (Pϭ0.01) at week 8 (Figure 5b ).
Survival of Undifferentiated ES Cells in Ischemic Hearts
Several groups have recently reported that transplantation of murine undifferentiated ES cells can improve cardiac func- 
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Circulation September 11, 2007 tion in mice and rats after myocardial infarction without any evidence of graft rejection or teratoma formation. [22] [23] [24] [25] To compare the survival kinetics of undifferentiated ES cells versus differentiated ESC-ECs, we also injected 5ϫ10 5 undifferentiated ES cells into mice with LAD infarction (nϭ15) and tracked their survival by bioluminescence imaging (Figure 6a ). Quantitative analysis showed that there was acute donor cell loss from day 2 to day 7 followed by a drastic rebound of cell survival and proliferation from week 1 to week 4 (Figure 6b and 6c ). This survival pattern is markedly different compared with differentiated ESC-ECs as shown in Figure 4b . Furthermore, the animal mortality was Ϸ20%
(2/15) by week 4, Ϸ46% (6/15) by week 6, and Ϸ67% (10/15) by week 8. Postmortem analysis of explanted hearts at 4 weeks confirmed presence of teratoma formation with ectoderm, mesoderm, and endoderm cell lineages (data not shown). Persistence of mRFP expression in these ES cells carrying the DF reporter gene was confirmed by immunofluorescence staining as shown in Figure 6d .
Discussion
In this study, we describe the differentiation, survival, and function of ES cell-derived endothelial cells in a murine model of myocardial infarction. The major findings can be Compared with adult stem cells, ES cells are unique in their ability to differentiate into virtually all cell types, including neurons, cardiomyocytes, hepatocytes, islet cells, skeletal muscle cells, and endothelial cells. 26 Nevertheless, an obstacle to their therapeutic use is the lack of reliable methodology to purify cells of interest from other unwanted cell populations. One common approach is to select cell population with the use of lineage-specific promoters driving GFP or drug-resistant marker genes. In the case of endothelial cell isolation, this approach has been plagued by nonspecific activation of promoters in other cell types. For instance, the vWF promoter is active in megakaryocytes, the PECAM-1 promoter is active in hematopoietic cells, and the VEGF receptor 2 promoter is active in undifferentiated ES cells. 15 By contrast, the VE-cadherin promoter is known to be constitutively expressed specifically by endothelial cells. 27 Building on the experience from these studies, we used a combinatorial approach of both early (Flk-1 ϩ ) 12 and late endothelial cell marker (VE-cadherin ϩ ). 19 We were able to differentiate mouse ES cells into endothelial-like cells that express surface markers similar to adult mouse endothelial cells. On isolation, these ESC-ECs can form tube-like structures when cultured on matrigel and can incorporate DiI-ac-LDL, similar to mature endothelial cells. Overall, our data concur with other studies describing the functionality of endothelial cells isolated from mouse, 12,28 primate, 28, 29 and human 11 ES cells.
In this study, we were able to determine the kinetics of cell survival over time within the same individual. We used a novel imaging technique, which avoids the sampling biases and errors that may occur when groups of animals are euthanized at different time points. 30 Our imaging data suggest that by week 8, Ͻ2% of the transplanted ESC-ECs are still alive. This observation conforms with other studies showing poor donor cell survival using serial histology, TUNEL apoptosis assay, or Taqman Sry PCR techniques. 31 Indeed, our imaging and histological analysis provide no definitive proof that cardiac myocytes are being regenerated after transplantation with ESC-ECs. These findings indicate that other mechanisms such as activation of paracrine pathways may play a role, 2 but additional studies will be needed in the future to test this hypothesis. Interestingly, Levenberg et al showed that ESC-ECs, when seeded in biodegradable polymer scaffolds, can lead to long-term engraftment and formation of blood-carrying microvessels. 11 Thus, tissue engineering techniques, rather than direct stem cell transplantation, may prove to be a more viable approach in the future. 32 One of the limitations of our study is that we focused on murine ESC-ECs, which have different phenotype and functionality compared with human endothelial cells. Thus, future studies will require a head-to-head comparison of human ESC-ECs versus human endothelial progenitor cells, looking in particular at the issues of cell number, cell immunogenicity, cell engraftment, and functional effects. Another limitation is that we used a DF reporter gene to track cell fate. The Fluc can be used for high-throughput bioluminescence imaging of stem cell survival, proliferation, and migration in small animals whereas the mRFP can be used for single cell fluorescence microscopy and isolation of stable clones by FACS. However, both fluorescence and bioluminescence imaging rely on low energy light photons which become attenuated within deep tissues and thus are not applicable for large animal and human studies. 30 In the future, positron emission tomography (PET) reporter such as the herpes simplex virus type 1 thymidine kinase (HSV1-tk) will need to be evaluated for tracking human ESC-ECs and other cell types. Although the feasibility of imaging viral-mediated PET reporter gene expression has been demonstrated in patients with recurrent glioblastoma 33 and hepatocellular carcinoma, 34 the same approach will need to be rigorously validated and refined as well for tracking stem cells.
In summary, stem cell therapy is an exciting area of investigation. With further validation, the Flk ϩ /VE-cadherin ϩ isolated ESC-ECs described here could provide a continual source of endothelial cells for treatment of myocardial ischemia and peripheral vascular disease. Furthermore, we believe molecular imaging will likely play a critical role in monitoring the localization and viability of these transplanted cells (or engineered tissues) for cardiovascular diseases. The in vivo information gathered will provide greater insight into stem cell physiology in living subjects and lay the framework for more complex, refined studies in the future.
